The Australian Community Climate and Earth System Simulator (ACCESS) coupled climate model version 1.3 participated in phase five of the Coupled Model Intercomparison Project (CMIP5) with an initial contribution of high priority experiments. Further standard experiments have since been conducted with ACCESS1.3, including an ensemble of three simulations for the historical period forced with time-evolving natural and anthropogenic forcings. Additional ensembles of simulations have been conducted for the same period with subsets of known forcings, including with natural forcings only ('historicalNat') and with greenhouse gas forcings only ('historicalGHG'). In this study, we describe this ACCESS1.3 contribution to CMIP5 and assess several key aspects of ACCESS1.3 forced responses in these experiments against observations and an ensemble of participating CMIP5 models, consisting of 40 realisations from ten models. Overall, ACCESS1.3 historical experiments demonstrate skill in simulating the global and regional metrics assessed that is comparable to the CMIP5 multi-model ensemble utilised. Global annual average temperature and precipitation trends simulated with ACCESS1.3 (0.05-0.07 K/decade; −0.007 to −0.0004 mm day .3 has deficiencies that should be considered. In particular, one of most notable features of ACCESS1.3 historical simulations is the reduced warming trend over the period that is evident in all ACCESS1.3 realisations at the global-scale for Australia, relative to both observations and the CMIP5 multi-model mean. This appears to be related to the overly strong response to increases in anthropogenic aerosols. Overall, these historical period experiments using ACCESS1.3 with various forcings are useful for inclusion with other CMIP5 models for studies aimed at detecting and attributing climatic changes. for attributing observed extreme climate events to particular causes (Lewis and Karoly, 2013) . However, the utility of the CMIP5 simulations of the historical experiment suite for understanding observed climatic changes, and more broadly for understanding climate processes, is dependent on the participating models' ability to capture observed changes for physically correct reasons. In particular, we can ascribe greater confidence in coupled model projections of future climate change under various scenarios where models are found to realistically represent relevant climate process, including responding to external forcings during the historical period. As such, assessing the ACCESS1.3 detection and attribution experiments against observations and against the ensemble of participating CMIP5 models is helpful for future studies that may incorporate output from these ACCESS1.3 simulations.
/decade) and near those observed (0.10 K/decade; −0.0007 to −0.001 mm day-1/decade) over the period. For the ACCESS1.3 historicalNat and historicalGHG experiments, simulated temperature trends are also predominately within the CMIP5 multi-model ensemble range. Similarly, ACCESS1.3 (−0.07 to −0.12 K) and the CMIP5 models (−0.03 to −0.21 K) largely capture the composited observed decrease in global temperature (−0.04 K) following three major late 20th century volcanic eruptions. However, like all global climate models, ACCESS1.3 has deficiencies that should be considered. In particular, one of most notable features of ACCESS1.3 historical simulations is the reduced warming trend over the period that is evident in all ACCESS1.3 realisations at the global-scale for Australia, relative to both observations and the CMIP5 multi-model mean. This appears to be related to the overly strong response to increases in anthropogenic aerosols. Overall, these historical period experiments using ACCESS1.3 with various forcings are useful for inclusion with other CMIP5 models for studies aimed at detecting and attributing climatic changes.
Introduction
Coupled climate models are used for various purposes, including for providing projections of future climate change under anthropogenic greenhouse gas (GHG) warming. The utility of projections of future climate change does, however, depend on the accuracy of the coupled models in simulating forced responses to radiative perturbations, such as anthropogenic greenhouse gases. Various international modelling groups have contributed to the fifth phase of the Coupled Model Intercomparison Project (CMIP5) with standard model experiments (Taylor et al. 2012 ) that allow forced model responses to be systematically evaluated against each other and against observational climate records. This paper documents a contribution to CMIP5 using the Australian Community Climate and Earth System Simulator (ACCESS) coupled climate model, developed at the Centre for Australian Weather and Climate Research (CAWCR)
1 . An initial contribution was made to CMIP5 using two versions of the ACCESS coupled model (ACCESS-CM), namely ACCESS1.3 and ACCESS1.0, with resulting fields now available for use on the Earth System Grid. This initial participation in CMIP5 with two versions of ACCESS-CM focused on performing high priority, core experiments in support of Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) .
Nonetheless, CMIP5 is a long-term modelling endeavour with utility beyond having contributed to the IPCC AR5 in 2013. As such, 'tier 1' and 'tier 2' CMIP5 experiments, in addition to high priority, core experiments, are also useful for the evaluation of climate models and improving our understanding of climate processes. In particular, standard experiments of the historical period ('historical', 1850-2005) , forced by observed time-evolving natural and anthropogenic forcings, are used for evaluating model performance for various metrics, relative to observations. Also, the CMIP5 experiment design describes additional twentieth century climate simulations that are predominantly used for detection and attribution of climatic change. In the detection and attribution experiment suite, participating models simulate the climate of the twentieth century with subsets of known forcings. Commonly, simulations are conducted for the period of 1850-2005 with natural forcings only ('historicalNat') and with greenhouse gas forcings only ('historicalGHG'). These simulations allow the response of models to individual forcings to be determined. Previous studies utilising output from these various historical simulations have detected and attributed various observed changes in the climate system over this period, including, for example, observed changes in global mean temperatures ) and northern hemisphere snow cover (Rupp et al. 2013) . These experiments have also been useful OM ocean and sea ice component share a regular horizontal grid, modified to the north of 65°N to implement a tripolar grid. This is defined by a uniform 1° longitude resolution and
an equatorial meridional refinement of ⅓° for 10°S-10°N and a Mercator grid in the Southern Ocean of 1° at 30°S through to ¼° at 78°S. The ocean is 50 levels deep and covers ~6000 m, with 20 levels of 10 m thickness comprising the upper ocean and below 200 m, the vertical resolution decreases smoothly to ~333 m in the abyssal ocean. ACCESS1.3 version includes the Community Atmosphere Biosphere Land Exchange (CABLE1.0) land surface model (Kowalczyk et al. 2006 ). This land scheme includes six soil levels and a number of sub-models for simulating canopy processes, soil and snow, carbon pool dynamics and soil respiration. In addition, ACCESS1.3 also includes a significant upgrade in model physics compared to the ACCESS1.0 model version, including the PC2 prognostic cloud scheme for prognostic cloud fraction and condensate , where vapour and liquid water and cloud fractions become prognostics in the model.
Experimental design
The historical detection and attribution experiments described in this study follow the protocols described by Taylor et al. (2012) . The CMIP5 protocols recommend that modelling groups should perform an ensemble of simulations for various experiments, rather than a single climate simulation (Taylor et al. 2012) . In this case, all ensemble members are conducted with identical time-evolving forcings ( Fig. 1 ) and experimental conditions, but differ in their initialisation. An ensemble of simulations allows the externally-forced response to be more readily identified and assessment to be made of the significance of differences between modelled and observed fields. In collaboration with CAWCR, three simulations were conducted for each of the historical, historicalGHG and historicalNat experimental designs, with each successive realisation initialised from different time points in the ACCESS1.3 pre-industrial control simulation. These are designated by CMIP5 ensemble identifiers r1i1p1, r2i1p1 and r3i1p1. The experiments referred to here, including the forcings incorporated in each detection and attribution experiment and ensemble members used are summarised in Table 1 . While the historicalNat experimental design includes only natural forcings (solar and volcanic aerosols), the primary distinction between the historical and historicalGHG experiments is the inclusion of anthropogenic aerosols.
Generally, the climate forcings stipulated by CMIP5 are implemented in ACCESS1.3 in an identical manner to those document for the HadGEM2-ES model . For the historical experiment, standard CMIP5 prescriptions are used for atmospheric concentrations of CO 2 , CH 4 , N 2 O, O 3 and halocarbons. In addition, time-varying total solar irradiance is applied from Lean (2009) and stratospheric volcanic aerosols are implemented from the Sato et al. (1993) monthly mean optical depth data source, extended , stratospheric aerosols concentrations are varied monthly across four latitudinal bands. The aerosols are distributed vertically above the troposphere and do not interact with other simulated aerosols. The pre-industrial stratospheric volcanic aerosols composition is taken as zero, which is noted to result in an overall slight cold bias in the historical, relative to the control simulation Gregory et al. 2013) . A seasonally-varying biogenic aerosol concentration is maintained throughout the historical simulations, along with a background SO 2 out-gassing flux. Land use changes have not been included.
Observational and other CMIP5 datasets
Model output from ACCESS1.3 was compared to data compiled from both gridded observational sources and from other models participating in CMIP5. First, we use the HadCRUT4 (v4.2.0.0) gridded dataset of monthly surface air temperatures (Morice et al. 2012) . It should be noted that various gridded observational temperature datasets are available for the historical period, although these various observational products demonstrate only small temperature differences (Brohan et al. 2006; Xinyu et al. 2011 ) and hence we evaluate ACCESS1.3 against HadCRUT4 data only. Model temperature fields were masked to exclude areas of poor HadCRUT4 data coverage, using a surface data mask that included only grid boxes with at least 75 per cent temporal coverage from 1910 to 2005. As observed precipitation products do not have the same degree of data quality and coherence as temperature products, we use observational precipitation data from two independent sources, namely the CRU TS 3.1 (Harris et al. 2013 ) and the GPCC v6 (Schneider et al. 2013 ) monthly gridded landonly precipitation datasets. As data quality diminishes in the earlier parts of the observational record, we consider changes only over the period of 1910-2005, which represents the common extent of CMIP5 historical simulations and high-quality observational records in Australia (Trewin, 2012) . Next, ACCESS1.3 simulated fields were compared to output from other participating CMIP5 models. Models were selected for inclusion in this comparison where mean nearsurface air temperature (tas) and precipitation (pr) fields were available on the Australian node of the Earth System Grid for all historical detection and attribution experiments (historical, historicalGHG, historicalNat) assessed here, for at least three unique realisations. A multi-model ensemble mean was determined as average conditions across all realisations, using all analysed models, and 5th and 95th percentile ranges were also calculated to indicate the range of simulated values across the realisations. Models and realisations included in this analysis are summarised in Table 2 . Modelled and observed near-surface air temperature (Tmean) and precipitation (PR) variables were processed in a common manner, with anomalies determined relative to a 1910-1940 climatology, and seasonal and annual averages computed. The temporal averages we consider here are annual (January to December), austral summer (December to February, DJF) and austral winter (June to August, JJA). In addition, we calculate global, together with Australian, land surface and ocean area average values. For each timeseries, we also calculate the linear temperature trends over the shorter period of 1950-2005, which encompasses the period of greatest observed warming. The statistical significance of trends is assessed using a t-test at the five per cent level and only statistically significant trends are reported here, unless otherwise indicated. The determination of precipitation trends is sensitive to the trend detection technique, which may produce varying results (Kumar et al. 2013) , and here we estimate trends using Sen's Kendall slope non-parametric method (Sen 1968) .
We also evaluate the observed and modelled temperature 
Model Realisations
CSIRO-Mk3-6-0 r1i1p1, r2i1p1, r3i1p1, r4i1ip1, r5i1p1
CanESM2 r1i1p1, r2i1p1, r3i1p1, r4i1ip1, r5i1p1
HadGEM2-ES r1i1p1, r2i1p1, r3i1p1, r4i1ip1
and precipitation responses to the three largest historic volcanic eruptions occurring between 1910 and 2005 (Table  3) . Specifically, these eruptions are Agung, which erupted in 1963, El Chichón in 1982 and Pinatubo in 1991 ( Fig. 1(d) ). Using the Sato et al. (1993) monthly mean optical depth data used as a forcing for CMIP5 simulations, we determine mean temperature and precipitation perturbations in each model realisation in the years immediately following the identified eruptions, relative to a baseline climatology of six years prior to eruption. This baseline reference period is approximately the same as that utilised by Stenchikov (2006) and provides the longest period prior to each eruption in which the atmosphere can be assumed to be clear of volcanic aerosols from previous eruptions, although the calculated climatological anomalies associated with volcanic eruptions are generally insensitive to the choice of reference period. We then investigate average temperature and precipitation changes in the two years following each eruption. Finally, we calculate a composite modelled volcanic response, as a weighted mean of the three eruptions, scaled by the cumulative aerosol optical depth in the calendar year each eruption occurred. Using this composited volcanic response, we compare simulated areal average temperature and precipitation changes with those observed.
Assessment of response to anthropogenic forcings

Temperature responses
Comparison of the observed and simulated global annual average temperatures over the period of analysis shows that the observed warming trend of recent decades is best captured by ACCESS1.3 simulations including both anthropogenic and natural forcings ( Fig. 2 after . The historicalNat simulation, including only natural forcings, underestimates the observed warming trend, while simulations that exclude anthropogenic aerosols (historicalGHG) conversely demonstrate substantially greater warming over the 20th century than that observed. For the historicalGHG experiment, observed temperatures fall clearly outside the spread of CMIP5 ensemble members. Similarly, for the natural forcings only experiments, the observed global mean temperatures lie well above the modelled ensemble ranges in the years following ~1960. Although the historical simulation best replicates the observed 20th century temperature change, these A relatively stronger cooling in the middle of the century relative to observed (from a 1961-1990 climatology) has been identified in the HadGEM2-ES model contribution to CMIP5 (Stott and Jones 2012) . This was attributed to a possible combination of natural internal climatic variability and incorrect specification of model forcings. Specifically, the effect of modelled land use changes was identified as potentially contributing to significantly to global mean cooling over this period. As the HadGEM2 model family incorporates a similar atmospheric component (Martin et al. 2011 ) to ACCESS1.3, corresponding discrepancies in forced responses relative to observed may be related. However, ACCESS1.3 incorporates a static land use scheme. Also, given the ACCESS model performance relative to the CMIP5 ensemble for the historicalGHG and historicalNat simulations, it is possible that subdued historical temperature responses relate primarily to the responses to increasing anthropogenic aerosols, which constitute the foremost difference between the historical and historicalGHG. Previously, differences in historical model warming rates between ACCESS1.3 and another model version with a different land surface scheme (ACCESS1.0) could not be attributed to either natural variability or model sensitivity as only one realisation was available . It should be noted that previous studies have investigated, and discounted, potential pre-industrial control drifts as a source of bias in simulating historical temperature trends . In our present study, this subdued warming is ubiquitous across all historical all forcings realisations and hence may indicate that this bias results from a forced model response.
At the regional scale, we also investigate simulated historical temperatures for Australia using ACCESS1.3 (Fig. 4) . Generally, the performance of ACCESS1.3 relative to observed and to the CMIP5 ensemble is similar at the global and Australia regional scale. Again, the observed Australian warming trend of recent decades is best captured by simulations including both anthropogenic and natural forcings and there is also a subdued warming in Australian late 20th century temperatures in ACCESS1.3 relative to observed and to the CMIP5 multi-model mean. The discrepancy between historical and observed temperature trends over 1950-2005 is larger for Australia than globally -0.5 (Fig. 3) , although this is more difficult to discern in the temperature timeseries (Fig. 4) because of the larger magnitude of interannual variability occurring for Australia than globally. There is also a wider spread of forced responses in the ACCESS1.3 realisations over the smaller Australian region, than globally. Next, we compare simulated and observed landocean temperature contrasts (LO) (Fig. 5) . The contrast in temperatures over land and over the oceans provides a useful metric for detecting and attributing climate change, in addition to global mean surface temperatures (Drost and Karoly 2012) . Specifically, the difference in warming between the land surface and oceans increases under increasing globally uniform radiative forcing, providing a measure of the slower rate of oceanic, than terrestrial warming due to the comparatively larger heat capacity of water and increased evaporative cooling over oceans. Observed changes in land-ocean temperature contrasts indicate a decrease (relative to the 1910-1940 climatology) in the 1960s and 1970s, before a subsequent increase in the temperature contrast. This is likely due to increases in anthropogenic aerosol forcing at this time, which is not included in the historical GHG simulations. In the model experiments, an increase in LO is simulated only in the historical and historicalGHG experiments, which include anthropogenic greenhouse gases. The simulated LO increases in the historicalGHG experiments are larger than observed for both the ACCESS1.3 realisations and the CMIP5 ensemble. For the historical experiment, the ACCESS1.3 LO values are predominantly lower during recent decades than both those observed and than the CMIP5 multi-model mean, coinciding with the period of subdued global warming simulated by ACCESS1.3. The subdued global warming and low or negative LO values for ACESS1.3 historical runs suggest that the modelled response to anthropogenic aerosol forcing may be too large.
Precipitation responses
Simulated and observed precipitation over the period of analysis of 1910-2005 is temporally more variable than temperature. Previously, precipitation changes through time have been found to be more difficult to detect than forced temperature responses (Ren et al. 2013 ). When we consider only simulated land surface precipitation changes over this period, there is a decrease in precipitation in the historical experiment for the CMIP5 multi-model ensemble mean (Fig. 6) . However, observed precipitation is generally more than for the models, with excursions occurring outside the model range. The standard deviation of observed annual precipitation (PR σ 0.05-0.06 mm day ). There are also large differences in simulated precipitation changes between models and a large spread of simulated trends occurring across the CMIP5 ensemble, with both decreasing and increasing late twentieth century trends simulated by different models (Kumar et al. 2013) . /decade (Fig. 3(c) ). In all ACCESS1.3 historical realisations, there is a decrease in global land surface precipitation in all three ensemble members (−0.007 to −0.0004 mm day -1 /decade). Alternatively, for the historicalGHG experiment, there are larger increasing trends over this period for ACCESS1.3 (0.001 to 0.01 mm day -1 /decade) and for the CMIP5 ensemble (-0.002 to 0.012 mm day/decade, The historical precipitation decreases simulated with ACCESS1.3, when considered together with the historicalGHG trends, are consistent with strong aerosol forcings over the twentieth century ) that may also be evident in the subdued global temperature changes for ACCESS1.3 relative to observed (Fig. 2) . In terms of comparing simulated precipitation trends with observed trends, the observed global land surface mean annual precipitation anomalies also demonstrate decreases over the periods of both 1950-2005 (GPCC −0.0007 mm day -1 decade; CRU TS −0.001 mm day -1 /decade). As such, there are small differences in precipitation between the two observational datasets. Furthermore, global precipitation changes detected in previous studies are largely dominated by changes occurring over the oceans, rather than the land surface, where more temporally variable precipitation occurs Ren et al. 2013 ). This is exacerbated at regional and local scales, where large uncertainties in simulated precipitation trends occur. When we consider Australian areal average precipitation, different changes in Australian average annual precipitation are simulated for the various ACCESS1.3 historical simulations. In particular, both decreasing (−0.004 mm day (Fig.  (3d) ). However, these precipitation trends simulated with ACCESS1.3 are not found to be statistically significant: while the trends simulated over Australia are generally larger than for the global land surface, the intrinsic variability is substantially higher at the regional scale.
Assessment of response to volcanic aerosols
Temperature responses Next, we assess the response of ACCESS1.3 in the two years immediately following the large tropical volcanic eruptions that occurred during the twentieth century. We Coloured crosses indicate the simulated anomalies in each of the three realisations using ACCESS1.3 for each experiment, although in cases where two realisations produce similar anomalies, only one cross is evident for these data.
Plot circles represent CMIP5 model ensemble mean anomaly and the CMIP5 5th and 95th percentile ranges are indicated. The observed temperature anomaly is indicated by the black square. The reference years and years analysed for each volcano are defined in Table 3 . consider both temperature responses in the historical and historicalNat experiments, which both simulate volcanic eruptions through time-varying aerosol optical depth forcings. First, the observed decrease in global annual average temperatures (ΔTmean −0.04 K) in response to the composite 20th century volcanic eruption (incorporating Agung, El Chichón and Pinatubo) is captured by ACCESS1.3 in the historical experiment (ΔTmean −0.07 to −0.12 K). However, the simulated global temperature decreases are larger than observed for both ACCESS1.3 and the CMIP5 ensemble (ΔTmean −0.03 to −0.21 K, mean −0.13 K) utilised here (Fig. 7) . Previous analysis of CMIP5 and CMIP3 models have also indicated that simulated post-volcanic temperature responses are not in full agreement with observations and multi-model responses tend to be larger than in the observations (Knutson et al. 2013) . When each major volcanic eruption is considered separately, the largest overestimate of temperature anomalies simulated by ACCESS1.3, relative to that observed, occurs for Pinatubo, which is the largest eruption in terms of aerosol loading. Both ACCESS1.3 (ΔTmean −0.21 to −0.05 K) and the CMIP5 ensemble multi-model mean (ΔTmean −0.16 K) produce comparatively larger coolings following Pinatubo than the observed decrease in global annual average temperatures (ΔTmean −0.01 K). Previously, Knutson et al. (2013) identified larger than observed temperature responses to the Pinatubo eruption in CMIP5 models. Following the eruption of El Chichón, there are small observed temperature increases (ΔTmean 0.06 K), which lies within the range of values simulated by the threemember ACCESS1.3 ensemble (ΔTmean −0.15 to 0.14 K) as well as within the CMIP5 ensemble spread (ΔTmean −0.26 to 0.11 K) and near the multi-model mean (ΔTmean −0.08 K). In addition, the observed response to Agung (ΔTmean −0.19 K) is also close to that simulated by ACCESS1.3 (ΔTmean −0.18 to −0.07 K).
Similar global annual temperature anomalies of slightly larger magnitude are simulated in the historicalNat experiments, where the volcanic aerosol forcings implemented are identical to those incorporated in the historical experiments with all natural and anthropogenic forcings. The simulated temperature response to volcanic forcing in the historicalNat runs is somewhat larger than in the historical all-forcing runs, and likely partly due the greenhouse gas-forced global warming contributing a small warming over the time from the averaging period before the volcanic eruption to the two years after. Using temperature anomalies computed from the historicalGHG runs, we estimate the greenhouse gas-forced contribution to this warming to be approximately 0.03-0.07 K from the CMIP5 multi-model ensemble mean, although this does not include the effects of tropospheric aerosols. The largest greenhouse-forced warming is simulated for Pinatubo and El Chichón, compared to the earlier Agung eruption. For the composite response, the simulated post-volcanic year-1 and year-2 average responses are consistent, although the year-1 response is on average ~25 per cent larger for the CMIP5 ensemble mean.
The differences between observed and modelled global surface temperature responses to volcanic eruptions in the historical and historicalNat experiments, using ACCESS1.3 and the broader CMIP5 models, may result from model deficiencies in implementing realistic aerosol loadings. Typically, volcanic eruptions are crudely implemented in models by employing representations of aerosols changes in four latitudinal bands (Driscoll et al. 2012) , which may be inadequate for capturing the complexity of observed volcanic responses (Marshall et al. 2009 ) The CMIP5 inter- model spread may result from the model sensitivity to the aerosol forcing or differences in model skill in capturing atmospheric circulation patterns that are relevant for producing physically realistic post-volcanic climate impacts (Stenchikov et al. 2006) . Furthermore, differences between modelled responses may result from differing schemes for imposing volcanic eruption that have varying degrees of sophistication. The post-volcanic surface temperature responses of ACCESS1.3 are generally in the warmer end of the range defined by the CMIP5 multi-model ensemble and as such, are closer to the observed post-volcanic temperature anomalies. There is a spread of simulated temperature responses across the ACCESS1.3 realisations that may be attributable to internal variability in large-scale circulation patterns. The precise interaction between volcanic eruptions and El Niño episodes remains unknown (Driscoll et al. 2012 ). In the first instance, we did not isolate the post-volcanic temperature anomalies from the intrinsic model El Niño-Southern Oscillation (ENSO) variations that also impact global mean temperature. For example, the observed positive temperature anomaly following El Chichón likely results from the 1982-1983 El Niño episode, and may contribute to the composite anomaly being smaller than in the observations than the models. Similarly, the 1991-1992 El Niño episode occurred after the Pinatubo eruption of 1991. We next investigate the influence of ENSO conditions on postvolcanic global mean temperature responses by considering 'residual' temperature anomalies. These residuals were calculated by removing the part of the temperature signal that is linearly associated with simulated NINO3.4 surface air temperature variations. When the global temperature anomaly following El Chichón was recalculated without the confounding influence of ENSO variations, a cooling response occurs in the observed record (ΔTmean −0.06 K). This residual observed anomaly is near the CMIP5 multimodel mean (ΔTmean −0.02 K), although small increases in temperature are simulated with ACCESS1.3 after ENSO influences have been removed (ΔTmean −0.01 to 0.03 K).
Next, we assess seasonal temperature responses in ACCESS1.3 following the 20th century volcanic eruptions. Driscoll et al. (2012) previously evaluated the response of CMIP5 models to volcanic eruptions, focusing on large-scale northern hemisphere impacts, where the largest observed anomalies occur. Here, modelled surface temperature anomalies in the northern hemisphere following major volcanic eruptions were overestimated compared to observed, with comparatively large post-volcanic coolings simulated by CMIP5 models. In particular, during the boreal winter, post-volcanic surface warming has been observed over the northern hemisphere, due to dynamical feedbacks resulting from tropospheric cooling and stratospheric tropical heating (Stenchikov et al. 2006) . In our present study, we also find an overestimate of post-volcanic temperature decreases in the ACCESS1.3 historical realisations that is largest during the boreal winter (Fig. 8) . Although the ACCESS1.3 composite post-volcanic temperature anomalies for the northern hemisphere lie close to the CMIP5 multimodel mean, they are of the incorrect sign to those observed. This discrepancy in temperature responses compared with observed anomalies is evident in many CMIP5 realisations sampled here, and likely reflects deficiencies in capturing post-eruption circulation changes during boreal winters that stem from the amplification of the polar vortex (Perlwitz and Graf 2001; Shindell et al. 2001) . The global surface temperature changes in post-volcanic boreal winters are dominated by northern hemisphere changes, with minimal surface temperature changes observed in the southern hemisphere over December-January. The observed postvolcanic changes for the southern hemisphere lie near the warmer end of the CMIP5 range in both DJF and JJA seasons, and the ACCESS1.3 realisations also lie in the warmer end of the CMIP5 range.
Precipitation responses
We also assess changes in global land surface precipitation following these major volcanic eruptions (Fig. 9 ). There are observed decreases in precipitation following the eruptions of Pinatubo and Agung for both datasets. Conversely, a variable change in precipitation over the land surface is observed in the years following the eruption of El Chichón in the two observational precipitation datasets. The precipitation response may have also been affected by the El Niño episode observed in that period. Overall, the composited observed precipitation response to the eruptions is minimal. There are also small differences in the composited precipitation responses calculated in the two ) and previous studies have questioned whether a statistically significant volcanic signal exists in precipitation on timescales of years following an eruption (Gu and Adler 2011; Ren et al. 2013) .
In the CMIP5 models, post-volcanic drops in land-only precipitation are simulated following all three major 20th century eruptions, with a spread of responses modelled across the CMIP5 ensemble for the historical experiment. For the composited response, the CMIP5 range of simulated land surface precipitation anomalies spans from −0.07 to 0.03 mm day -1 (ΔPR mean −0.02 mm day -1 ). Similarly, there is a spread of composited post-volcanic precipitatio changes simulated with ACCESS1.3 (ΔPR −0.01 to −0.05 mm day -1 ), again indicating that forced precipitation responses are largely more variable than temperature responses. When we consider the standardised range of simulated anomalies for each variable for the CMIP5 ensemble, the precipitation anomaly range for the composite eruption is twice as large as that for temperature anomalies. Also, in contrast to the seasonally and regionally varying nature of observed postvolcanic temperature responses, the observed precipitation response to the composited 20th century volcanic eruption is similar in both the boreal winter and summer (Fig. 10) .
The comparatively large precipitation decreases simulated by ACCESS1.3 and within the CMIP5 multi-model ensemble relative to observed may result, at least in part, from model volcanic aerosols remaining in the atmosphere longer than is physically realistic and hence their impact on precipitation is too persistent as a result (Ren et al. 2013) . The variations in precipitation responses between the CMIP5 model may also relate to the degree of persistence of aerosols in the atmosphere, together with inter-model differences in the impact of aerosols on model cloud microphysics. While global mean temperatures respond to observed volcanic eruptions on seasonal to yearly timescales, relatively fast precipitation responses occur (Soden 2002) . Observed rapid volcanic precipitation anomalies are associated with direct radiative effects from reductions in solar radiation leading to reduced evaporative rates (Gillett 2004; Iles et al. 2013 ) and also with indirect effects through volcanic aerosol influences on cloud microphysics (Gu and Adler 2011) . We adopt a simple approach to assessing the simulated ACCESS1.3 volcanic responses by examining climatological responses in the two full years following each eruption (Table 3) , and hence it is possible some part of the precipitation responses may be missed by this lag. Alternatively, the spread of model results demonstrated, which are generally centered on the observed anomalies, may simply reflect natural internal variability of precipitation.
Summary and conclusions
This study has described the participation in the CMIP5 detection and attribution experiments with the Australian Community Climate and Earth System Simulator version 1.3 coupled climate model, and updated the initial descriptions provided by Bi et al. (2013) and Dix et al. (2013 (Table 3 ) simulated in ACCESS1.3, with those observed and with a wider CMIP5 ensemble comprised of 40 realisations from ten participating models (Table 2) . Overall, the ACCESS1.3 model experiments incorporating both natural and anthropogenic forcings best capture the observed global annual average temperature timeseries of the period of 1910-2005. When anthropogenic forcings, such as long-lived greenhouse gases, are excluded in the experimental design, simulated global annual average temperatures are significantly lower than those observed. Similarly, when greenhouse gas forcings are included, but other natural and anthropogenic influences are excluded, the simulated warming exceeds that observed. The overestimate of the observed warming in the historicalGHG experiments can be attributed to the exclusion of anthropogenic aerosols that counteract a substantial amount of greenhouse gas warming . The historical all forcings simulations conducted using ACCESS1.3 display notably subdued warming in the second half of the 20th century, relative to both observed temperature changes and the CMIP5 multi-model ensemble. The range of linear temperature trends (over 1950-2005) from the CMIP5 ensemble (0.06−0.18 K/decade) is generally warmer than the equivalent spread of trends simulated by ACCESS1.3 (0.05−0.07 K/decade). This subdued warming trend is evident in all individual ACCESS1.3 historical realisations at the global and regional scale for Australia, and may indicate too large forced responses to anthropogenic aerosols. Furthermore, when we consider changes in the land-ocean temperature contrast over this period, the observed increase in LO towards the end of the 20th century is reflected in ACCESS1.3, although the ACCESS1.3 simulated LO changes are again predominantly lower during recent decades than those observed and than the CMIP5 multi-model range. In addition, there is a large spread of historical precipitation responses to anthropogenic forcings over the period of 1910-2005 within ACCESS1.3 and also within CMIP5, although not all calculated trends were found to be statistically significant.
Next, we considered simulated precipitation and temperature responses following three major late 20th century volcanic eruptions. A composite modelled volcanic response was calculated, as a mean of the three eruptions, weighted by the cumulative aerosol optical depth in the calendar year that each major eruption occurred. The complexity of observed post-volcanic climatological changes is generally not well captured by ACCESS1.3, or more broadly by the CMIP5 models. When we compared simulated global areal average composite volcanic temperature changes with those observed, the simulated temperature changes are larger than observed (ΔTmean −0.04 K) in both ACCESS1.3 (ΔTmean −0.07 to −0.12 K) the CMIP5 ensemble (ΔTmean −0.03 to −0.21 K, mean −0.13 K). In addition, while post-volcanic surface warming has been observed over the northern hemisphere during the boreal winter (Stenchikov et al. 2006) , modelled changes are consistently of the incorrect sign to those observed during this season. The ACCESS1.3 composite post-volcanic winter temperature anomalies for the northern hemisphere lie within, or close to, the range of the CMIP5 ensemble. There is also a seasonally-consistent overestimate of observed postvolcanic cooling in the southern hemisphere in ACCESS1.3 and CMIP5. These differences between the seasonally and regionally complex volcanic responses that are observed and the pervasive modelled post-volcanic temperatures decreases may relate to model deficiencies in capturing posteruption circulation changes during boreal winters and the crude implementation of volcanic eruptions in the models using changes in stratospheric aerosol optical depths in four discrete latitudinal bands, rather than smoothly varying changes (Driscoll et al. 2012) . Furthermore, substantial postvolcanic drops in precipitation are simulated following all three major 20th century eruptions, with a large spread of responses modelled across the model ensemble for the historical experiment for both ACCESS1.3 and CMIP5 resulting in part from natural variability. Previously, observed precipitation anomalies following volcanic eruptions have been linked to direct radiative effects, from reductions in solar radiation leading to reduced evaporative rates and indirect effects on cloud microphysics (Gu and Adler 2011) . In particular, previous studies have noted that model volcanic aerosols remain in the atmosphere longer than is physically realistic and hence simulated precipitation changes, such as those indicated here, are too substantial as a result (Ren et al. 2013 ).
This study was not intended to be an exhaustive evaluation of ACCESS1.3 against observations and against other CMIP5 models. Rather, we used a limited number of metrics to investigate forced model responses and highlight any notable model imperfections that may be relevant to users of these experiments. Overall, ACCESS1.3 demonstrates skill in simulating the global and regional metrics assessed here, relative to observations, which is comparable to the CMIP5 multi-model ensemble. As such, these experiments with various historical forcings will be useful for inclusion with other CMIP5 contributions for studies aimed at detecting and attributing climatic changes. For example, Jones et al. (2013) used a suite of CMIP5 historical, historicalGHG and historicalNat simulations to determine that anthropogenic greenhouse gases are the dominant cause of observed global warming since the mid-20th century. In this case, the inclusion of multiple realisations from numerous, distinct models allowed the uncertainty in model responses to anthropogenic aerosol forcings to be better constrained. Despite the general similarity of historical forced responses in ACCESS1.3 and CMIP5, it remains necessary for future studies to evaluate these ACCESS1.3 simulations rigorously in order to determine how well the model represents the actual climate for specific regions and climate variables and hence establish the validity of its use.
The ACCESS1.3 model, like all global climate models, has deficiencies that should be considered. This study has identified aspects of ACCESS1.3 simulated responses to forcings that warrant further investigations. In particular, one of most notable features of ACCESS1.3 historical simulations is the rather subdued warming trend that is evident in all ACCESS1.3 realisations for both global mean temperatures and land-ocean temperature contrasts, relative to observed and to the CMIP5 multi-model mean. This indicates that the response to anthropogenic aerosol forcing in ACCESS1.3 may be too large. The three ensemble members for ACCESS1.3 now available for use for each of the historical, historicalGHG and historicalNat experiments will allow any potential differences between ACCESS1.3 and both observations and the other CMIP5 models, such as these disparate warming rates, to be more readily attributed to either model sensitivity or natural variability, which was not previously possible ). This strong forced response to anthropogenic aerosols could be addressed quantitatively using additional 'sstClim'-style single forcing experiments to explicitly calculate the effective radiative forcing of various factors in ACCESS1.3 (e.g. Shindell et al. 2013 , Rotstayn et al. 2012 . In addition, the extension of the ACCESS1.3 simulations described here beyond the standard historical period of 1850-2005 through to 2020 or beyond would provide a useful context for understanding recent climatic trends and events. The extension of the existing suite of simulations is currently ongoing.
